In recent years, vibrational and optical properties of free or quasifree semiconductor nanocrystallites have been the object of intense experimental and theoretical investigations, because they show very different features compared to those of bulk materials. [1] [2] [3] However, few experiments have been carried out on them due to the difficulties in sample preparations. Therefore, it is necessary to design or find some special experiments or samples that will reveal the vibrational properties of nanocrystallites. Recently, Liu et al. 4 fabricated quasifree Si clusters embedded in porous Si ͑PS͒ and observed a set of low-frequency Raman peaks. Spectral analysis and theoretical calculation indicated that the Raman peaks obtained arise from scattering of the localized acoustic phonons in spherical Si clusters. In the last work, 5 we have investigated the Raman scattering of Si optical phonons in a kind of porous structure formed on C ϩ -implanted Si. The results obtained indicate that the existence of ␤-SiC precipitates with nanometer sizes may be beneficial in reducing the Si crystallite sizes and therefore lead to a large downshift of the Si optical phonon peak at 521 cm Ϫ1 due to the wave vector dependence of the silicon phonon dispersion. 6 In this case of the sample with intense blue-light emission, the mean Si crystallite size in the porous structure may be reduced to 1.4 nm based on the analysis from the phonon confinement model. 5 In this work, we further examined the low-frequency Raman scattering of this kind of porous structure using the 514.5 and 488 nm lines of the Ar ϩ laser. Some new Raman peaks are obtained with large intensities. By comparing the experimental results with the theoretical calculations, we attributed them to the low-frequency acoustic phonon torsional modes from the elastic vibrations of Si nanocrystals with quasifree surfaces.
The starting wafers used in this work were boron-doped p-type ͗100͘ oriented silicon with resistivity of 1-3 ⍀cm. C ϩ was implanted into the wafers at an energy of 50 keV and with a dose of 2ϫ10 17 cm
Ϫ2
. During the implantation, the wafers were kept at room temperature. The implanted samples were thermally annealed in N 2 ambient at 1050°C for 60 min to form SiC precipitates. Porous structures were formed by electrochemical anodization at a current density of 20 mA/cm 2 in an HF-ethanol solution (HF:C 2 H 5 OH ϭ2:1) for 30 min. The anodization was carried out under illumination with a 150 W halogen lamp at a distance of 25 cm. Raman spectra were measured on a SPEX 1403 Raman spectrometer using the 514.5 nm line of an Ar ϩ laser as an excitation source. The power illuminating on the sample was 16 mW focused to an area of about ϫ0.8 2 mm 2 . The widths of both entrance and exit slits were set at 200 m. All experiments were performed at an unpolarized backscattering geometry. The spectral resolution of the instrument was 2.5 cm Ϫ1 and the scanning accuracy was 1 cm
Ϫ1
. Figures 1͑a͒ and 1͑b͒ show the Raman spectra of two porous structure samples in the frequency range of 400-600 cm
. Due to the large penetration depth of the 514.5 nm line, we have subtracted the 521 cm Ϫ1 peak from the Si substrate in the two Raman spectra. Spectra ͑a͒ and ͑b͒ both exhibit an asymmetrical broad peak at 492 or 496 cm
, in good agreement with our previous observations. 5 Similar to the previous analysis, the Raman spectra obtained may be fitted on the basis of Si quantum crystallites by means of the standard phonon confinement model, [7] [8] [9] as shown in Figs. 1͑a͒ and 1͑b͒ ͑dashed lines͒. We estimate the corresponding average crystallite sizes to be about 1.4 and 1.7 nm. The sizes are less than the crystallite size of the reference PS sample with more than 2 nm. Such small Si nanocrystallite can only originate from the existence of the ␤-SiC precipitates around it.
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Ϫ1
. To rule out this possibility, we carefully examined the Raman spectra of three samples with the same C ϩ implantation dose but a different anodization time. The results obtained are shown in Figs. 2͑a͒-2͑c͒. Obviously, the three samples show different linewidths and peak positions, corresponding to different Si nanocrystallite sizes. Since the Raman peak position of the SiO 2 does not change with the anodization time, the two Raman peaks obtained cannot originate from the SiO 2 , but from the Si nanocrystals in our samples.
Figures 3͑a͒ and 3͑b͒ show the Raman spectra of two porous structure samples in the low-frequency range of 100-400 cm
. ͓Their corresponding Raman spectra in the 400-600 cm Ϫ1 range have been exhibited in Figs. 1͑a͒ and 1͑b͔͒. Spectrum ͑a͒ displays a strongly sharp Raman peak at 229 cm Ϫ1 with a full width half maximum ͑FWHM͒ of ϳ6.5 cm
, whereas spectrum ͑b͒ displays a broad Raman peak at 189 cm
. To identify them as Raman peaks, we checked their behavior under an excitation of the 488 nm line of an Ar ϩ laser and similar results were obtained. The two Raman peaks cannot be observed in bulk c-Si, bulk ␤-SiC, and ordinary PS materials. They cannot also be the local vibrational modes of carbon in conventionally C ϩ -implanted Si.
11
According to the previous analyses on the Raman spectra obtained from Si clusters embedded in PS 4 and from nanocrystalline Si/amorphous Si multilayers, 12 we may assign them to the localized acoustic phonon modes which arise from the elastic vibrations of spherical Si nanocrystallites.
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If we consider the free boundary condition on the surfaces of nanocrystals in addition to the usual vibration theory of the elastic body, two types of vibrational modes can be obtained in a spherical nanocrystal: a spheroidal mode with dilatation vibration and a torsional mode without dilatation vibration. According to Lamb's theory, 13 we can give the Raman-shift wave number V l S and V l T of the spheroidal and torsional modes with the branch number nϭ0 and angular momentum/less than 2 as follows:
where V l and V t are the longitudinal and transverse sound velocities, d is the diameter of Si nanocrystallite, and c is the vacuum light velocity. For our porous structure samples, the V l and V t of Si are taken as 8478 and 5191 m/s, respectively. 4 The eigenfrequency modes are characterized by the quantum number l and n.
For the spheroidal modes of lϭ0 and 2 and the torsional mode of lϭ1, they are Raman active according to the selection rules 14 and therefore they can be observed in the lowfrequency Raman spectrum. Table I gives some parameters and the calculated results from two porous structure samples related to the localized acoustic phonon modes. Since only the lowest eigenfrequency modes with nϭ0 in both the spheroidal and torsional modes have large amplitudes near the surface of a nanocrystal, the observed Raman peaks at 229 and 189 cm Ϫ1 come from the contribution of the localized acoustic phonons with a torsional vibration of lϭ1. However, according to the symmetrical analysis by Duval, 15 the torsional mode can appear in Raman scattering only for nonspherical nanocrystallites. This implies that the Si nanocrystals in our samples are not spherical, they have complicated shapes and different sizes. Since good agreement is achieved between the observed Raman peaks and calculated results, we can infer that these small Si nanocrystals in our porous samples weakly combine with both the ␤-SiC precipitates around them and the Si substrate. They could be regarded as a kind of quasifree nanocrystal. The ␤-SiC precipitates provide an appropriate prerequisite for the reduction of Si nanocrystallite size and the formation of quasifree Si nanocrystallites. Therefore, the theory which assumes that the surface of the Si nanocrystal is free or quasifree can be used to calculate the positions of these low-frequency Raman peaks.
We can obtain argument from the previous plan-view transmission electron microscopy ͑TEM͒ observation of the porous structure about the nanspherical shapes of Si nanocrystals. 10 For a porous ␤-SiC rich layer, the micrograph reveals that after the sample is anodized, both porous Si and porous ␤-SiC are formed. The remaining Si grains surrounded by many ␤-SiC precipitates with nanometer sizes are nonspherical and they have different shapes and sizes. In the center of these grains, the Si crystallites exist in nanometer sizes and irregular shapes.
Generally, the low-frequency Raman peaks from the surface vibrations of nanocrystals have broad line shapes. However, how it is possible to get a narrow peak? Particularly, why is the peak at 229 cm Ϫ1 much sharper than that at 189 cm
Ϫ1
? In fact, the sharp low-frequency Raman peaks from the scattering of the localized acoustic phonons have been observed in the previous works. 4, 12, 14, 16 Their essential origins are still unclear at present. Here we give a brief explanation. Recently, it was suggested that the surface region of the Si nanocrystal between the c-Si core and outer space has complicated vibration and structure properties. 17, 18 For irregular nanocrystals, these properties should be further enhanced. The vibrational amplitudes of atoms near the surface region are expected to be larger than those in the core. Since the Raman intensity is proportional to the thermal average of the vibrational amplitude, the large vibrational amplitudes will lead to the large Raman intensity. On the other hand, the surface effect will increase with the decrease in nanocrystal size. Thus, for such small nanocrystals with a size of ϳ1.5 nm, we can expect to obtain stronger surface vibrational modes. In addition, it is known that the sound velocity of Si depends on the direction of sound propagation and therefore is closely related to the material structure. Thus, it is possible that the frequencies of Raman peaks from the surface vibrations are related not only to the nanocrystallite size but also to the sound velocity, as shown in Eqs. ͑1͒-͑4͒. The competition between the two factors may lead to the very sharp Raman peaks as observed in our experimental results. The smaller the nanocrystallite size, the stronger and sharper the Raman peak.
In conclusion, we have examined the low-frequency Raman scattering of two porous structure samples formed on C ϩ -implanted Si. A sharp Raman peak was obtained with large intensity. Its position and linewidth change with Si crystallite size. According to the usual vibrational theory of the elastic body, it was identified as a low-frequency acoustic phonon torsional mode which arises from the surface vibrations of nonspherical Si nanocrystallites.
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